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RNA vaccines have demonstrated efficacy against SARS-CoV-2
in humans, and the technology is being leveraged for rapid
emergency response. In this report, we assessed immunoge-
nicity and, for the first time, toxicity, biodistribution, and
protective efficacy in preclinical models of a two-dose self-
amplifying messenger RNA (SAM) vaccine, encoding a prefu-
sion-stabilized spike antigen of SARS-CoV-2 Wuhan-Hu-1
strain and delivered by lipid nanoparticles (LNPs). In mice,
one immunization with the SAM vaccine elicited a robust
spike-specific antibody response, which was further boosted
by a second immunization, and effectively neutralized the
matched SARS-CoV-2 Wuhan strain as well as B.1.1.7 (Alpha),
B.1.351 (Beta) and B.1.617.2 (Delta) variants. High frequencies
of spike-specific germinal center B, Th0/Th1 CD4, and CD8
T cell responses were observed in mice. Local tolerance, poten-
tial systemic toxicity, and biodistribution of the vaccine were
characterized in rats. In hamsters, the vaccine candidate was
well-tolerated, markedly reduced viral load in the upper and
lower airways, and protected animals against disease in a
dose-dependent manner, with no evidence of disease enhance-
ment following SARS-CoV-2 challenge. Therefore, the SARS-
CoV-2 SAM (LNP) vaccine candidate has a favorable safety
profile, elicits robust protective immune responses against
multiple SARS-CoV-2 variants, and has been advanced to
phase 1 clinical evaluation (NCT04758962).

INTRODUCTION
On March 11th, 2020, the World Health Organization declared the
coronavirus disease 2019 (COVID-19) outbreak, caused by a novel
coronavirus termed SARS-CoV-2, a global pandemic. Multifactorial
approaches, including vaccines and therapeutics, have been devel-
oped to contain the devastating impact of the COVID-19 pandemic
This is an open access article under the CC BY-N
in the last 18 months.1 In less than 2 years, an unprecedented number
of vaccine candidates have been developed, with over 100 currently
undergoing clinical evaluation and a few approved for emergency
use or fully licensed.2 Given the need to produce billions of doses
to immunize the world’s population, the unknown duration of pro-
tection in most vulnerable populations, and the need to address
continuously emerging variants, more than one type of vaccine will
be needed. The first SARS-CoV-2 vaccine receiving emergency use
authorization in several countries and later full approval in the US
is a conventional optimized non-amplifying messenger RNA
(mRNA)-based vaccine, validating the mRNA vaccine platforms for
rapid vaccine development.3,4 The utility of the mRNA platform for
rapid pandemic response was first reported in preclinical models in
2013 using a self-amplifying mRNA (SAM).5

SAM is a synthetic mRNA vaccine platform using a self-amplifying
mRNA derived from an alphavirus genome.6 SAM encodes the anti-
gen of interest and the viral replication machinery required for intra-
cellular RNA amplification. Unlike conventional mRNA vaccines,
which only encode the antigen of interest and are translated directly
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from the incoming RNAmolecules, SAM can generate many copies of
the mRNA in the target cell, leading to high and prolonged expression
of the antigen and additional self-adjuvanting of innate immune re-
sponses.6,7 As a result, SAM vaccines can elicit protective immune re-
sponses at lower doses,8 possibly even with a single-dose regimen,9–11

so they could represent an important platform for vaccine develop-
ment to control the global spread of SARS-CoV-2.

SARS-CoV-2 is an enveloped, single-stranded positive-sense RNA
virus in the Coronaviridae family. It carries an approximately
30,000-nucleotide genome that encodes open reading frames of
four major structural proteins: spike (S), envelope, membrane, and
nucleocapsid.12 The trimeric spike glycoprotein is located on the viral
surface playing an essential role in virus entry and intercellular spread
and is also the major target for virus neutralizing antibodies.13 The
spike protein is a class I fusion protein, consisting of S1 and S2 do-
mains, and exists in a metastable prefusion conformation. The prefu-
sion spike protein binds to the human angiotensin-converting
enzyme 2 (hACE2) receptor, and enter the cells via fusion of viral
and host cell membranes through spike structural rearrangements,14

or via clathrin-mediated endocytosis.15 Introduction of two proline
mutations in the C-terminal S2 fusion domain stabilizes the protein
in a prefusion conformation, which exposes the receptor-binding sites
and a dense cluster of neutralizing epitopes,16 making it a prime vac-
cine candidate for SARS-CoV-2. For an effective and safe COVID-19
vaccine, type 1 helper (Th1) T cell responses are also highly desirable,
in addition to neutralizing antibodies against the spike protein. SARS
vaccines driving Th2 responses have been previously associated with
enhanced lung immunopathology after challenge with SARS-
CoV.17,18

In this paper, we report a comprehensive preclinical development of a
lipid nanoparticle (LNP)-formulated SAM vaccine encoding the pre-
fusion-stabilized SARS-CoV-2 spike full-length antigen. We assessed
protective efficacy, immunogenicity, toxicity, and biodistribution of
this candidate vaccine in mice, rats, and hamsters. Our results
demonstrated that the SARS-CoV-2 SAM (LNP) vaccine has a favor-
able safety profile and elicits robust immune responses against the
original SARS-CoV-2 Wuhan strain, B.1.1.7 (Alpha), B.1.351
(Beta), and B.1.617.2 (Delta) variants, supporting its current evalua-
tion in a first-in-human phase 1 clinical trial (NCT04758962).

RESULTS
Vaccine design and characterization

To generate the SARS-CoV-2 SAM vaccine candidate, the full-length,
codon-optimized spike protein (Wuhan-Hu-1 isolate), stabilized in
the prefusion conformation by substitution of residues 986 and 987
with proline and substitution of the furin cleavage site with a
“glycine-serine-alanine-serine” (GSAS) sequence16 (spikeFL-2P), was
cloned in an alphavirus-derived SAM vector (Figure 1A). SAM en-
coding green fluorescent protein or a SAM encoding unmodified
wild-type spike protein (spikeFL) were used as controls. RNAs were
transcribed in vitro from template DNA constructs using T7 poly-
merase, and RNA integrity was validated by agarose gel electropho-
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resis (Figure S1A). To assess the ability of the RNA to self-amplify,
defined as potency, we measured the presence of double-stranded
RNA (dsRNA) amplifying intermediates in electroporated baby ham-
ster kidney (BHK) cells by flow cytometry using an anti-dsRNA anti-
body. This antibody specifically recognizes dsRNA intermediates of
amplification, but not any RNA secondary structures or in vitro-tran-
scribed byproducts in transfection assay (data not shown). SpikeFL-2P
SAM showed a potency, calculated as the percentage of dsRNA-pos-
itive cells, greater than 20% and 60%, with 0.1- and 1-mg RNA doses
respectively (Figure S1B). Mean fluorescence intensity of positive cells
was comparable to the controls, suggesting efficient self-amplification
(Figure S1C). Spike intracellular expression was confirmed by flow
cytometry and by immunoblot analysis using an anti-S2 antibody
(Figures 1B and 1C).

Mouse myoblast C2C12 cells were transfected with SARS-CoV-2
SAM by electroporation to confirm the cellular localization of the ex-
pressed spikeFL-2P protein in a cell type similar to the muscle cells pre-
sent at the site of injection. The spikeFL-2P protein localized on the
surface of transfected cells, as measured by flow cytometry, suggesting
an efficient transport of the antigen to the cell membrane (Figure 1D).
Importantly, the surface-expressed spikeFL-2P protein directly bound
to the target hACE2 receptor, as shown by flow cytometry of live, un-
permeabilized transfected cells incubated with soluble hACE2 and
stained with an anti-ACE2 antibody (Figure 1E). Incubation with a
Golgi-mediated protein transport inhibitor such as brefeldin A
(BFA) substantially reduced surface expression of the spike proteins
and its binding to the soluble hACE2 receptor. Therefore, the spi-
keFL-2P expressed from SAM was antigenically functional, and conse-
quently the SAM encoding spikeFL-2P was formulated with LNP for
further evaluation in animal studies.

Immunogenicity of the SARS-CoV-2 SAM (LNP) candidate

vaccine in BALB/c mice

To evaluate vaccine immunogenicity in BALB/c mice, spike-specific
serum antibodies as well as B and T cell responses were characterized
after one or two intramuscular (i.m.) injections of SARS-CoV-2 SAM
(LNP), given 3 weeks apart, at doses of 0.015 mg, 0.15 mg, or 1.5 mg, or
injection of saline as a mock control (Figure S2A).

SARS-CoV-2 spike-specific serum antibodies induced by the SARS-
CoV-2 SAM (LNP) vaccine candidate were measured 3 weeks after
the first vaccination (3wp1, day 21) and 2 weeks after the second
vaccination (2wp2, day 35). A single immunization induced high ti-
ters of anti-spike-IgG binding antibodies in a dose-dependent
manner, which were further boosted after the second vaccination
(Figure S2B). The neutralizing activity was measured by a vesicular
stomatitis virus (VSV)-based SARS-CoV-2 (Wuhan strain) pseudo-
virus neutralization assay on day 21 and day 35. At all three doses
(0.015 mg, 0.15 mg, and 1.5 mg), the SAM vaccine candidate induced
neutralizing antibody titers after the first immunization, which were
then boosted �30-fold by the second immunization (Figure 2A).
There was a clear and statistically significant dose response in
antibody levels elicited by different SAM vaccine dosage levels



Figure 1. Vaccine design and antigen characterization

(A) Schematic representation of the SAM vector encoding the prefusion-stabilized SARS-CoV-2 spike (spikeFL-2P) protein (i.e., SARS-CoV-2 SAM). S1, S2, transmembrane

(TM), and cytoplasmic (CT) domains, K986P, V987P, and GSASmutations are indicated. (B) Percentage of spike-positive cells measured by intracellular flow cytometry 18 h

after green fluorescent protein (GFP), prefusion-stabilized (spikeFL-2P), or wild-type (spikeFL) spike sequence SAM RNA electroporation of BHK cells, and intracellular staining

with an anti-S2-specific antibody. (C) SAM-transfected BHK cells were also treated with (+) or without (�) BFA, and 18 h later, cell lysates were collected and analyzed by

immunoblotting using anti-S2 or anti-actin antibodies. A recombinant spike protein was loaded as control. In addition, mouse C2C12 cells were transfected with SAM,

treated with (+) or without (�) BFA, collected 18 h later, and surface-expressed spike protein was detected by flow cytometry using either the anti-S2-antibody (D) or

incubated with soluble hACE2 and stained with an anti-hACE2 antibody (E). nsPs, non-structural proteins; UTR, untranslated regions; arrow, subgenomic promoter; kDa,

kilodalton; S0, furin uncleaved full-length spike protein; S2, furin cleaved domain. Error bars represent SD of duplicate samples. Data shown are representative of at least two

experiments.
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(p < 0.0001). This robust, dose-dependent neutralizing antibody
response was also confirmed by a SARS-CoV-2 live virus assay
(VNT50, live virus 50% neutralization titers)19 (Figure 2B). Impor-
tantly, both pseudovirus and live virus-based neutralization geomet-
ric mean titers (GMTs) following the second vaccination at all three
dose levels were greater than the GMT of COVID-19 convalescent
human sera (�100-fold at the 1.5 mg SAM dose) (Figures 2A and
2B). There was a strong correlation (r = 0.7803, p < 0.001) between
the two neutralization assays (pVNT50 [pseudovirus 50% neutrali-
zation titer] and VNT50), indicating that the two assays were com-
parable in terms of measuring neutralizing antibody titers
(Figure S2C).
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Figure 2. Humoral responses elicited by SARS-CoV-2 SAM (LNP) vaccine in mice

Pseudovirus-based spike 50% neutralization titers (pVNT50) of immunized mice sera or human COVID-19 convalescent sera (HCS) against Wuhan (A), Alpha (B.1.1.7) (C),

Beta (B.1.351) (D), or Delta (B.1.617.2) (E) spike sequences. A panel of 22 HCS was tested against Wuhan, Alpha, and Beta, whereas a panel of 21 HCS (same panel minus

one subject) was tested against Delta. Mouse sera were collected 3 weeks after the first vaccination (3wp1) and 2 weeks after the second vaccination (2wp2). (B) SARS-CoV-

2 50% virus neutralization titers (VNT50) measured with a mNeonGreen reporter virus-based assay in sera collected 2wp2 from immunized mice or in a panel of COVID-19

HCS (n = 22). The dotted line indicates the limit of detection. Geometric means of each group ±95% confidence interval are shown. Each dot represents individual samples.

Bars under p value asterisks indicate significantly different groups comparisons with **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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In addition to the SARS-CoV-2 Wuhan strain, 2wp2 sera from SAM-
immunized mice were also tested against the Alpha (B.1.1.7), Beta
(B.1.351), and Delta (B.1.617.2) variants of concern20 using a
pVNT50 assay. GMTs of neutralization activity of mouse sera against
B.1.1.7, B.1.351, and B.1.617.2 variants were reduced (p < 0.01)
compared with the GMTs of the Wuhan strain (Figures 2C–2E).
However, compared with the GMT of human convalescent sera,
GMTs elicited by the SAM vaccine candidate at a dose of 0.015 mg,
0.15 mg, or 1.5 mg were 5.5-, 28-, or 40-fold higher against B.1.1.7,
5.4-, 27-, or 37-fold higher against B.1.351, and 2-, 3.2-, or 10-fold
higher against B.1.617.2, respectively. This result further demon-
4 Molecular Therapy Vol. 30 No 5 May 2022
strates that in mice the SAM vaccine candidate elicited robust immu-
nity in both magnitude and breadth.

As the quality and longevity of humoral immune responses elicited by
a vaccine rely on the generation of memory B cells,21 we used multi-
parametric flow cytometry to determine the magnitude and quality of
germinal center (GC) and memory B cells in draining lymph nodes
(to evaluate the principal B cell immune compartment for priming)
(Figures S3A–S3C) and spleens (to evaluate systemic effects of the
vaccine) (Figures S3D–S3F) from immunized mice at 2wp2. Dose-
dependent frequencies of spike-specific IgD�IgM– class-switched B
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cell (identified as CD3�CD19+IgM�IgD–spike+) were observed at 1.5
and 0.15 mg SAM doses in the draining inguinal lymph nodes
(Figure S3A) and spleens (Figure S3D) of immunized mice. Higher
frequencies of spike-specific B cells were observed in the draining
lymph nodes that consisted predominantly (over 80% in the 1.5
and 0.15 mg dose groups) of spike-specific GC B cells (identified as
live CD3-CD19+IgM�IgD�spike+GL7+CD95+cells) (Figure S3B).
Conversely, in the spleens, most of the spike-specific B cells from
SAM vaccinated groups had a memory phenotype (identified as live
CD3-CD19+IgM�IgD�spike+CD95�CD38+ cells) (Figure S3F), with
a minimal GC phenotype (Figure S3E), indicating maturation and
trafficking of spike-specific GC B cells from lymph nodes into sys-
temic circulation to generate spike-specific memory B cells. Low
and highly variable B cell responses were observed in the 0.015 mg
dose group, possibly because of the very low dose used.

Further, vaccine-induced T cell-mediated immune responses against
the spike antigen were analyzed in mice spleens at 2wp2 by intracel-
lular-cytokine-staining and multi-parametric flow cytometry, after
ex vivo restimulation with full-length spike, S1, S2, or receptor-binding
domain (RBD)peptidemixes (Figures 3 and S4). The analysismeasured
the frequencies of total spike-specific CD4+ and CD8+ T cells, as well as
the phenotype of various polyfunctional T cell subsets within the spike-
specific CD4+ (Th0, Th1, Th2, or Th17) and CD8+ (Tc0, Tc1, Tc2, and
Tc17 T-cytotoxic [Tc]) compartments. The SARS-CoV-2 SAM (LNP)
vaccine induced robust dose-dependent total spike-specific cytotoxic
CD8+ and Th1 CD4+ T cell responses even at the very low dose of
0.015 mg RNA (Figures 3A and 3B). The CD8+ responses were higher
than CD4+ responses and were characterized by high expression of
CD107a degranulation marker, interferon-g (IFN-g), tumor necrosis
factor alpha (TNF-a), and interleukin-2 (IL-2) cytokines (Figure S4A)
with a polyfunctional cytotoxicTc1/Tc0phenotype (Figure 3A) consist-
ing primarily of CD107a+IFN-g+TNF-a+ triple-positive and CD107a+

IFN-g+ double-positiveCD8+T cells (Figure 3C) at all doses. TheCD4+

responses were characterized by expression of IFN-g, TNF-a, and IL-2
cytokines (Figure S4B) as triple-positive or various double-positive pol-
yfunctional combinations (Figure 3D), giving predominantly a Th1/
Th0 CD4+ T helper phenotype at all doses (Figure 3B). The IL-4/IL-
13 (Th2) and IL-17F (Th17) cytokine responses were negligible in
both CD4+ and CD8+ compartments (Figures 3 and S4). The majority
of the spike-specific total CD8+ T cell responses were detected against
the S1 domain with relatively lower levels of CD8+ responses to the
S2 and RBD domains (Figure S4C), whereas similar levels of spike-spe-
cific CD4+ responses to S1 and S2 domains with some RBD-specific
CD4+ responses were induced (Figure S4D).

Overall, these data indicate a strong inductionof SARS-CoV-2 anti-spike
IgG binding and broadly neutralizing antibody titers, systemic polyfunc-
tional cytotoxic CD8+ cell response, and Th1-driven CD4+ T cell
response by the SARS-CoV-2 SAM (LNP) vaccine candidate in mice.
The polarized T cell phenotype is particularly critical for the develop-
ment of a safe vaccine against SARS-CoV-2, given the potential risk of
enhanced lung immunopathology associated with Th2 responses
observed after coronavirus vaccine administration in animalmodels.17,18
Immunogenicity, protective efficacy, and enhanced respiratory

disease assessments of SARS-CoV-2 SAM (LNP) candidate

vaccine in Golden Syrian hamsters

To determine protective efficacy of the SAM vaccine candidate
against SARS-CoV-2 infection, we measured clinical and virologic
endpoints of SARS-CoV-2 infection in Golden Syrian hamsters after
vaccination and then followed by viral challenge. Hamsters are sus-
ceptible to SARS-CoV-2, given the homology between hamster and
human ACE2 receptors, supporting high levels of virus replication
and transmission and leading to weight loss and severe pneumonia
similar to COVID-19 patients.22,23

The SARS-CoV-2 SAM (LNP) vaccine candidate was injected i.m.
into hamsters at a dose of 0.03 mg (low dose) or 3 mg (high dose)
on day 0 and day 21; saline was used as a mock control (Figure S5A).
Serum neutralizing antibody titers, measured by a plaque reduction
neutralization test (PRNT90), were readily detected at 3wp1 in all
the SAM vaccinated animals (Figure S5B). After the second immuni-
zation, titers were boosted significantly in both vaccinated groups
(p % 0.0178). For the low dose vaccine, neutralizing antibody titers
were generally higher in female than in male hamsters after both
immunizations, whereas with the high dose vaccine, both genders
responded comparably after both immunizations.

Three weeks after the second dose, animals in all treatment
groups were challenged intranasally with 104 plaque-forming
units (PFU) of SARS-CoV-2 (isolate USA-WA1/2020). Oral-
pharyngeal swabs were taken at 1, 2, 3, and 7 days post infec-
tion (dpi) and assayed by plaque assay to monitor viral load in
the upper respiratory tract. At 1 dpi, infectious virus was de-
tected in all groups, but viral loads in the SAM high- and
low-dose groups were 156-fold and 49-fold (female hamsters)
or 149-fold and 3-fold (male hamsters) lower than those in
the mock control (Figures 4A and 4B). Interestingly, at 1 dpi,
viral loads in male hamsters were 50-fold higher than those in
female hamsters in the SAM low-dose group (Figures 4A and
4B), possibly due to the lower neutralizing antibody titers elicited
in males (Figure S5B). At 3 dpi, viral loads were reduced in all
SAM groups compared with mock vaccinated animals (p <
0.0002), approaching the limit of detection of the assay. No virus
was detected at 7 dpi in SAM and mock vaccinated animals.

At 3 dpi, eight animals from each group (four female and four male
hamsters) were euthanized to measure the viral loads in nasal turbi-
nates and cranial right and caudal right lung lobes. In nasal turbi-
nates, a vaccine dose-dependent reduction in viral load was apparent
in SAM vaccinated groups. At 0.03 mg dose, the SAM vaccine reduced
viral loads by 1,000-fold, but only in female hamsters (Figure 4C). At
3 mg dose, there was no detectable virus in either female or male
vaccinated animals. In the cranial and lung lobes, SAM vaccine at
either dose markedly reduced levels of virus (p < 0.001), with no
detectable virus in four of the eight animals from the 0.03-mg SAM
group and in all animals from the 3 mg SAM group (Figures 4D
and 4E).
Molecular Therapy Vol. 30 No 5 May 2022 5
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Figure 3. Cellular responses elicited by SARS-CoV-2 SAM (LNP) vaccine in mice

Splenocytes of BALB/c mice (n = 5) immunized i.m. with SAM vaccine or saline control (mock) were harvested at 2wp2, stimulated ex vivo with a peptide mix specific to

spikeFL-2P, and analyzed for CD8+ (A and C) and CD4+ (B and D) T cell responses by flow cytometry. The stacked bars (A and B) indicate distribution of the Tc0/Tc1/Tc2/Tc17

cytotoxic cells within the total CD8+ and the Th0/Th1/Th2/Th17 T helper cells within the CD4+ spike-specific T cells (mean ± SEM). Boolean combinations for spike-specific

CD8+ and CD4+ T cell cytokines from splenocytes of individual immunized mice were background subtracted using Pestle software, and pies were generated using SPICE

software (C and D). Each pie slice represents a proportion of the total spike-specific CD8+ or CD4+ T cell responses for a unique sub-population comprising CD107a, IFN-g,

IL-2, or TNF-a, as indicated in the legend. Bars under p value asterisks indicate significantly different group comparisons with *, p < 0.05; **, p < 0.01; ***, p < 0.001;

****, p < 0.0001.
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An additional three females from each group were euthanized at 3
dpi to evaluate resident lung cells secreting IFN-g, TNF-a, and
IL-4. Data showed increased levels of IFN-g and TNF-a, but no
IL-4 in the vaccinated groups, consistent with the Th1-biased im-
6 Molecular Therapy Vol. 30 No 5 May 2022
mune response elicited by the SAM vaccine in mice, and indicating
a shift of the immune response away from a Th2 response that is
associated with the risk of enhanced lung immunopathology
(Figure S5C).



Figure 4. Viral loads from oropharyngeal swabs and respiratory tract tissues in SARS-CoV-2 SAM (LNP) vaccinated hamsters after challenge with SARS-

CoV-2 virus

(A and B) Oropharyngeal swabswere taken from all hamsters on 1, 2, 3, and 7 dpi, and viral titers were determined by plaque assay. (C–E) Virus titers were determined in nasal

turbinates (C), cranial right (D), and caudal right (E) lung lobes of four female and four male hamsters from each group at 3 dpi. Bars represent GMT+95% CI. Asterisks above

bars indicate statistically significant difference in viral titers between mock and vaccine groups (****, p < 0.0001; ***, p < 0.001). Horizontal dotted line denotes limit of

detection.

www.moleculartherapy.org

Please cite this article in press as: Maruggi et al., A self-amplifying mRNA SARS-CoV-2 vaccine candidate induces safe and robust protective immunity in
preclinical models, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.01.001
The remaining hamsters were observed until the study’s
endpoint at 21 dpi for body weight, body temperature, and
clinical sign changes. Both the low- and high-dose SAM vac-
cinations prevented significant weight loss in both male and
female hamsters compared with the mock vaccinated animals
by 21 dpi (p < 0.01) (Figures S6A and S6B). The maximum
percentage loss in body weight between the low-and high-
dose SAM vaccinated groups was not statistically different
(4.2% low-dose and 2.1% high-dose groups). Mock vaccinated
hamsters lost an average maximum body weight of 11% by 21
dpi. No significant changes in body temperature, as measured
by thermal microchips, were observed in any of the challenged
groups (Figures S6C and S6D).
To further evaluate the efficacy of the SARS-CoV-2 SAM (LNP)
vaccine candidate and any potential vaccine-mediated enhanced res-
piratory disease following challenge with SARS-CoV-2, hematoxylin
and eosin (H&E) stained sections of the lungs (left lung and median
lobe of the right lung; Figure 5), trachea, brain, liver, kidney, spleen,
thymus, heart, and adrenal gland were microscopically evaluated at
3, 7, and 21 dpi. Naive non-infected hamsters (four females and four
males) were euthanized at 21 dpi and included as a baseline control
(Figure 5C). Histopathological examination of samples of the brain,
liver, kidney, spleen, thymus, heart, and adrenal gland revealed no
notable vaccine- or virus-related changes in SARS-CoV-2 SAM
(LNP) vaccinated animals following virus challenge (data not
shown). SARS-CoV-2 infection in mock vaccinated animals caused
Molecular Therapy Vol. 30 No 5 May 2022 7
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Figure 5. Histopathology following SARS-CoV-2 challenge of SARS-CoV-2 SAM (LNP) and mock vaccinated hamsters

(A) Lung pathology grading, with respect to inflammation (A) and centriacinar/bronchioloalveolar epithelial hyperplasia (B) in male and female hamsters necropsied at 3, 7, and

21 dpi with SARS-CoV-2 virus. (C) Representative lung sections from a naive male hamster showing the background level of atelectasis that can occur during necropsy. (D)

Representative lung sections from mock vaccinated, SAM low dose (0.03mg), and SAM high dose (3mg) vaccinated male animals infected with SARS-CoV-2 virus and

necropsied at 3, 7, and 21 dpi (histopathological features in females are consistent with those in males, females not shown). Sections are stained with H&E, and whole slide

(legend continued on next page)
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the most severe pulmonary histopathology (Figures 5A–5D). At 3
dpi, histopathological features of SARS-CoV-2 infection in this
group included moderate or severe inflammation predominantly
surrounding large conducting airways and their associated large
blood vessels and the terminal bronchioles and alveolar ducts.
The inflammatory changes were characterized by a mixed cellular
infiltrate composed predominantly of polymorphonuclear cells
(PMNs) with fewer macrophages and lymphocytes throughout the
affected areas of lung. PMNs were present within the airway epithe-
lium and lumen and surrounding large blood vessels. The inflam-
matory infiltrate was associated with varying levels of necrosis of
alveolar pneumocytes and/or capillary endothelia, hemorrhage,
and edema. A dose-dependent reduction in the incidence and
severity of inflammation was observed in vaccinated animals (Fig-
ure 5). Most of the 0.03 mg SARS-CoV-2 SAM (LNP) vaccinated an-
imals had minimal or mild changes. Among the hamsters given the
3 mg dose, one male had minimal inflammation in the lung, whereas
all females and the other three males exhibited normal lung
morphology. By 7 dpi, mild to marked lung inflammation was
observed in the mock vaccinated animals, similar to that observed
at 3 dpi (Figure 5). A marked reduction in both the incidence
and severity of the inflammatory and epithelial changes was
observed in lungs of animals from both vaccine-treated groups
when compared with the mock vaccinated animals. In the 0.03 mg
dose group, minimal inflammation and epithelial hypertrophy/hy-
perplasia were observed in one male, with no changes noted in
the other seven of eight animals in this treatment group. For the
high dose group (3 mg), the lungs of all animals (eight of eight)
were morphologically normal. By 21 dpi, inflammatory changes in
the lung of the mock vaccinated animals had a similar distribution
to that seen at 3 and 7 dpi, but were notably reduced in severity,
with minimal or mild changes observed in all animals. Multifocal
mild to marked hypertrophy/hyperplasia of the goblet cells of the
bronchial epithelium was observed in all unvaccinated animals, re-
flecting an expected metaplastic response to chronic cell injury
following SARS-CoV-2 viral infection. None of these findings
were present in animals given either the 0.03 mg or 3 mg dose of
the SAM vaccine candidate prior to SARS-CoV-2 exposure
(Figure 5B).

In the trachea at day 3, minimal to moderate multifocal mixed in-
flammatory cell infiltrates were observed within the lamina propria
in seven of eight mock vaccinated animals and were associated with
focal hemorrhage in some instances. A similar level of inflammatory
infiltrate was observed in the trachea from the SAM low-dose group
animals, with all (eight of eight) animals having minimal or mild
changes. In the SAM high-dose group, a reduction in incidence
and severity of inflammatory infiltrates was observed (minimal
severity, four of eight animals) and epithelial erosion, luminal
images were obtained using P250 scanner (3D Histech). Representative low-power (bot

(bottom right, scale bar 50 mm) photomicrographs are shown from each group. “#,” hy

goblet cells within bronchial epithelium; “H,” areas of alveolar wall necrosis and hemorrh

time point is provided in the main text.
exudate, or hemorrhage in the lamina propria were absent. At day
7, minimal or mild multifocal mixed inflammatory cell infiltrates,
associated with minimal hemorrhage or occasional erosion, were
observed in the trachea of some mock vaccinated animals (six of
eight). A dose-associated reduction in incidence and severity of
these changes was observed in vaccinated animals, with changes
limited to minimal inflammatory cell infiltrates in three of eight an-
imals from the SAM low-dose groups, while all SAM high-dose
vaccinated animals had normal tracheal morphology. At day 21
there were no findings in the trachea of any animal exposed to
SARS-CoV-2.

In summary, these data show that the SARS-CoV-2 SAM (LNP) vac-
cine candidate induced robust and protective adaptive immunity,
which reduced virus load in the upper and lower airways of hamsters
and protected them against weight loss and lung pathology following
challenge with SARS-CoV-2. No evidence of enhanced respiratory
disease was found in any of the vaccinated animals.

Repeated-dose toxicology and biodistribution of SARS-CoV-2

SAM (LNP) candidate vaccine in Sprague-Dawley rats

To further support the development of the SARS-CoV-2 SAM (LNP)
vaccine, studies were conducted in Sprague-Dawley rats to assess the
local tolerance, potential local and/or systemic toxicity, and bio-
distribution of the vaccine. The rat was selected for this purpose as
this species is considered immunologically relevant and is a routine
species for the toxicity testing of vaccines.24,25 The rat also expresses
toll-like receptor 7 (TLR7), among other TLRs and RNA sensors,
which participate in the immune recognition of RNA.7,26

The repeated-dose toxicity study was conducted in male and female
rats to characterize the vaccine’s potential local and systemic toxicity
after 3 i.m. injections (12 mg RNA/vaccination; saline was used as a
mock control) at 2-week intervals and included a 4-week treat-
ment-free period after the third vaccination (Figure S7A). Overall,
the SARS-CoV-2 SAM (LNP) vaccine was well-tolerated. Induction
of spike-specific IgG binding antibody responses was confirmed in
100% of the rats at day 32 and day 57 (i.e., 3 and 28 days following
the third immunization) (Figure S8A). Injection site observations
included very slight erythema after each immunization, persisting un-
til 72 h post vaccination, and swelling (edema) following the second
and/or third administration in some animals, which generally did
not persist longer than 48 h post vaccination. The body weight of
the animals was not affected by the consecutive administrations of
the SAM vaccine candidate (Figure S8B).

Slight transient increases in mean rectal temperatures in SAM vacci-
nated animals were measured after each dose compared to the control
group (i.e., mean changes up to�2�C in males and females up to 48 h
tom left, scale bar 5 mm), medium-power (top, scale bar 200 mm), and higher power

perplasia of type II pneumocytes and bronchiolization of alveoli; “G,” hyperplasia of

age within regions of inflammation. Further description of the histopathology at each
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Figure 6. Repeated-dose toxicology assessment in

SARS-CoV-2 SAM (LNP) vaccinated rats

(A) Body temperature. Male and female rats were immu-

nized on three occasions (day 1, 15, and 29) with 12 mg of

SARS-CoV-2 SAM (LNP) or saline. Rectal temperatures

were measured 1 h before (Pre) and 2, 4, 6, 12, 18, 24,

and 48 h post immunization. Results are shown as mean

with SD. Statistical analysis: *, p < 0.05; **, p < 0.01; ***,

p < 0.001 with t test, except those labeled “w,” which was

analyzed using Wilcoxon’s test. The injection site sec-

tions, which include skin, dermis, and underlying skeletal

muscle, from saline (B) or SAM (C) vaccinated animals at

day 33 (3 days post third vaccination) were stained with

H&E, and representative photomicrographs are repre-

sented (scale bar, 1,000 mm). (D) 5� magnification of the

boxed area in (C) showing inflammation after SAM

vaccination (scale bars, 200 mm).
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following vaccination) (Figure 6A). There were no SARS-CoV-2 SAM
(LNP)-related ophthalmological findings during this study.

At days 2 and 30, there were transient effects on hematology param-
eters relative to the control group, i.e., increased white blood cells (up
to 1.40-fold) and neutrophils (up to 7.97-fold), and decreased
lymphocyte (0.30-fold) and monocyte (0.67-fold) counts (Tables S1
and S2). Additionally, decreases in platelets (0.75-fold), coagulation
(increased fibrinogen and partial thromboplastin times [PTT]), and
clinical chemistry parameters were observed. These changes were
considered related to the local inflammatory response and/or im-
mune stimulation expected upon vaccination, and either improved
or completely recovered by days 8, 36, and 57. Minimal transient in-
creases of serum aspartate aminotransferase and alanine aminotrans-
ferase were noted in females on days 2 and 30, with no histopatholog-
ical correlate (Tables S2 and S3).

Increased organ weights noted on day 32 in the iliac, inguinal, and
popliteal lymph nodes were likely related to increased cellularity of
10 Molecular Therapy Vol. 30 No 5 May 2022
the medullary cords (minimal to moderate),
characterized by increased numbers of lympho-
cytes, plasma cells, and macrophages. This was
considered secondary to the expected immune
stimulation of the SAM vaccine candidate
within the regional lymphoid tissue draining
the injection site (Table S3). After the 4-week
recovery period, there were no organ weight
differences noted between groups.

Microscopic findings occurred primarily at the
injection sites and draining lymph nodes. The
SARS-CoV-2 SAM (LNP) vaccine candidate
induced an increased incidence and severity of
subcutaneous and muscular inflammation
and/or hemorrhage at injection sites (Figures
6B and 6C). In the affected muscle, the predom-
inant inflammation extended down fascial planes between muscle
bundles or was within intermysial regions (Figure 6D). Nonetheless,
these findings were considered a consequence of the expected im-
mune response at the site of administration.

To evaluate the distribution of SARS-CoV-2 SAM (LNP) over time, a
biodistribution study was performed (Figure S7B). Male and female
rats received a single i.m. administration of 6 mg of the SAM vaccine
candidate or saline as a mock control at day 1 and then distribution of
RNA in tissues of vaccinated animals was analyzed at days 2, 8, 15, 29,
and 60 by quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) (Table 1).

At day 2, SAMRNAwas detected with relatively high levels in muscle,
lymph nodes, and spleen, and relatively lower levels in heart, liver,
gonads, lungs, gonads, and blood. RNA levels progressively decreased
in quantity in all tissues by day 60, but remained detectable in lymph
nodes, spleen, and muscle, with at even lower quantities in the
kidneys and livers of females. RNA was detectable in the testes only



Table 1. Biodistribution study

Tissues Day 2 Day 8 Day 15 Day 29 Day 60

Injection site
Positive: 10 animals
(3.5 x 107)

Positive: 9 animals
(2.5 x 106)

Positive: 9 animals
(2.5 x 103)

Positive: 5 animals
(1.1 x 104)

Positive: 5 animals
(5.3 x 102)

Popliteal lymph node
Positive: 10 animals
(5.3 x 106)

Positive: 10 animals
(4.9 x 105)

Positive: 10 animals
(8.1 x 105)

Positive: 10 animals
(5.7 x 105)

Positive: 10 animals
(1.7 x 105)

Iliac lymph node
Positive: 10 animals
(5.2 x 106)

Positive: 10 animals
(3.0 x 106)

Positive: 10 animals
(1.8 x 106)

Positive: 10 animals
(1.5 x 106)

Positive: 10 animals
(5.7 x 105)

Inguinal lymph node
Positive: 10 animals
(6.5 x 105)

Positive: 10 animals
(1.2 x 105)

Positive: 10 animals
(1.7 x 104)

Positive: 10 animals
(1.5 x 105)

Positive: 10 animals
(8.0 x 104)

Spleen
Positive: 10 animals
(5.4 x 105)

Positive: 10 animals
(3.1 x 105)

Positive: 10 animals
(1.3 x 105)

Positive: 10 animals
(1.3 x 104)

Positive: 10 animals
(2.1 x 103)

Heart
Positive: 10 animals
(2.2 x 103)

Positive: 4 animals
(4.2 x 102)

Positive: 4 animals
(1.3 x 102)

Positive: 2 animals
(2.5 x 102)

NP

Liver
Positive: 7 animals
(5.6 x 103)

Positive: 5 animals
(1.2 x 103)

Positive: 4 animals
(5.1 x 102)

Positive: 1 animal
(7.7 x 101)

Positive: 2 animals
(4.1 x 102)

Kidney
Positive: 10 animals
(7.2 x 102)

Positive: 8 animals
(7.2 x 102)

Positive: 3 animals
(1.7 x 102)

Positive: 1 animal
(7.0 x 101)

Positive: 1 animal
(7.7 x 101)

Ovaries
Positive: 5 animals
(3.6 x 103)

Positive: 2 animals
(8.4 x 101)

NP NP NA

Testis
Positive: 3 animals
(2.0 x 102)

NP NP NA NA

Lung
Positive: 10 animals
(2.8 x 103)

Positive: 6 animals
(4.8 x 102)

Positive: 5 animals
(1.3 x 102)

NP NP

Brain NP NP NA NA NA

Blood
Positive: 10 animals
(4.2 x 104)

Positive: 10 animals
(2.7 x 102)

Positive: 3 animals
(7.6 x 101)

NP NP

Quantification of SAMRNA in blood and tissue samples after a single injection of 6 mg of SARS-CoV-2 SAM (LNP) at day 1. For all organs, n = 10, except for testes and ovaries (n = 5).
NA, not analyzed; NP, no positive. Values in parentheses are mean values (mean copies/mg RNA).
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on day 2 and in the ovaries on day 2 and day 8. Additionally, SARS-
CoV-2 SAMwas detected for longer periods in the liver of the females
relative to the males. SAM RNAwas not detected in any tissues at any
time point in the saline control group, neither in the brain in any
group at any time point.

Altogether, these results demonstrated that repeated administration
of the SARS-CoV-2 SAM (LNP) vaccine candidate was well-tolerated
and immunogenic in Sprague-Dawley rats. The biodistribution data
demonstrated a prominent RNA signal in the muscle and draining
lymph nodes up to 60 days following a single injection, with transient
systemic dissemination at distal sites, with the exception of the brain.

DISCUSSION
A remarkable scientific effort since the onset of COVID-19 has led to
the rapid development and approval of vaccines for emergency use,
followed by full licensure of the first COVID-19 vaccine in August
2021.3,4,27 However, multiple types and doses of vaccines will be
needed to meet the demand of vaccinating the world’s population
and to tackle continuously emerging variants. Here, we describe a
comprehensive preclinical assessment of a SARS-CoV-2 SAM
(LNP) vaccine candidate, which uses the SAM technology expressing
the prefusion-stabilized full-length spike antigen that was delivered
by an LNP formulation. We have demonstrated that the SARS-
CoV-2 SAM (LNP) vaccine induces strong antigen-specific immune
responses in mice, has a favorable safety profile in rats, and protects
hamsters against a SARS-CoV-2 virus challenge.

In mice, after the first and second immunization with sub-microgram
doses of the SARS-CoV-2 SAM (LNP) candidate vaccine, robust
neutralizing antibody titers were observed, which were similar to and
greater than the titers of a panel of SARS-CoV-2-convalescent human
sera, respectively. Themagnitude, longevity, and quality of antibody re-
sponses induced by a vaccine is determined by its ability to induce GC
reactions that lead to differentiation of memory B cells and long-lived
plasma cells.21 We found that the SARS-CoV-2 SAM (LNP) vaccine
elicited robust spike-specific class-switched B cells and GC responses,
suggesting a potential induction of high-affinity long-lasting B cells,
which are critical for long-term protection and recovery from SARS-
CoV-2 infection.28 Testing at later time points after a single- or a
two-immunization regimen could help determine the longevity of
this response and the effectiveness of a possible single-dose regimen.

A SARS-CoV-2 vaccine should be effective against the emergence of
SARS-CoV-2 variants of concern with either increased transmission
or virulence. In mice, our vaccine candidate elicited significant
Molecular Therapy Vol. 30 No 5 May 2022 11

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Maruggi et al., A self-amplifying mRNA SARS-CoV-2 vaccine candidate induces safe and robust protective immunity in
preclinical models, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.01.001
neutralizing antibody titers against SARS-CoV-2 B.1.1.7, B.1.351, and
B.1.617.2 variants, although with a reduction in titers compared to the
Wuhan virus, consistent with the reports for other mRNA vaccines.29

These data suggest the potential use of this SAM vaccine to boost pre-
existing SARS-CoV-2 immunity obtained either by natural infection
or vaccination to protect against emerging virus variants. Addition-
ally, thanks to its manufacturing flexibility, this vaccine technology,
in combination with antigen design, might be employed to quickly
develop variant-matched vaccines to tackle continuously emerging
SARS-CoV-2 variants of concern.

In mice, our SAM vaccine candidate induced potent Th1-biased
CD4+ T cell responses, which are desirable for an effective and safe
SARS-CoV-2 vaccine. The vaccine also induced high levels of
spike-specific polyfunctional cytotoxic CD8+ T cells, which could
contribute to viral clearance upon infection, as suggested by previous
reports on mouse infection models of SARS-CoV and MERS-CoV,
and more importantly, by recent reports on better recovery from
COVID-19.30,31

One essential step during vaccine development is the evaluation of
efficacy and safety of the candidate vaccine. SARS-CoV-2 vaccines
based on a self-amplifying RNA platform have been previously
shown to be immunogenic in NHPs and efficacious in hACE2
transgenic mice.10,32,33 However, no information is available on
the protective efficacy of self-amplifying mRNA vaccines in an an-
imal model manifesting some of the hallmarks of severe COVID-19
disease. The hamster study presented here is the first study to our
knowledge to test a self-amplifying mRNA SARS-CoV-2 vaccine
candidate in such animal challenge model. Following exposure to
live SARS-CoV-2 virus, non-vaccinated hamsters produce and
shed virus for several days post exposure, develop clinical signs,
lose weight, and develop severe pneumonia similar to COVID-19
patients, and therefore are an important model for preclinical vac-
cine efficacy studies.22,23 In the present study, a single SARS-CoV-
2 SAM (LNP) vaccination induced neutralizing antibody titers in
hamsters, which were further boosted by a second vaccination.
Two administrations of the SARS-CoV-2 SAM (LNP) vaccine pro-
tected hamsters against SARS-CoV-2 virus challenge, clearing virus
load in the upper and lower airways, and preventing weight loss,
lung pathology, and severe disease. Even at the 0.03 mg RNA
dose, the protection of the SAM vaccines against SARS-CoV-2
lung pathology was readily apparent. This is in contrast to the opti-
mized conventional SARS-CoV-2 mRNA vaccines, which have been
previously shown to provide protection against lung injury and
weight loss in SARS-CoV-2 infected hamsters with a two-dose
regimen at the 5 mg dose.34 SAM (LNP) vaccine drastically reduced
lung disease in the same model at extremely low RNA doses
(0.03 mg), highlighting the dose-sparing potential of the SAM vac-
cine technology,10 which will be also reflected in the lower vaccine
doses to be tested in clinical setting. To address pandemics, such as
COVID-19, where several billion doses of vaccines are needed
within months, a lower vaccine dose required for protection, i.e.,
dose sparing, would be extremely beneficial. Interestingly, in this
12 Molecular Therapy Vol. 30 No 5 May 2022
hamster study, female and male animals responded differently to
the SARS-CoV-2 SAM (LNP) vaccine, and the female animals
had higher neutralizing antibody titers and lower viral titers at the
low vaccine dose (0.03 mg RNA). As noted in several studies (for re-
views, see Klein and Flanagan 35 and Fischinger et al.36), females
typically develop more robust antibody responses following vaccina-
tion than their male counterparts. Dissection of the mechanisms
that underlie gender differences in vaccine-induced immunity is
complex and has implicated hormonal, genetic, and environmental
differences between females and males, and the deep analyses
required to study these elements exceed the scope of the studies re-
ported herein. Importantly, no evidence of enhanced respiratory
disease was found in any of the vaccinated hamsters, which is
consistent with the Th1 cytokine signature produced by resident
lung cells seen in the vaccinated animals as well as the Th1 CD4+
T cell response observed in mice.

Given the novelty and the early stage of the SAM technology, we
evaluated its potential toxic effects and biodistribution in rats. After
two administrations, the clinical signs were limited to slight local
irritation at the injection site (erythema and/or edema), which did
not persist for more than 48 h post vaccination. After each vaccina-
tion, there was also transient increase at 6- and 12-h post adminis-
tration in mean rectal temperatures. This might be indicative of
innate immune responses triggered by the RNA and lipid formula-
tion used for delivery and/or process-derived dsRNA and short
aborted mRNA not completely removed from the vaccine.37,38

Self-amplifying mRNA molecules are at least 10 kb in length and
present additional challenges for purification compared with con-
ventional mRNA molecules. Preliminary data in mice have shown
that the intracellular influx of the self-amplifying mRNA, rather
than its amplification, is mainly responsible for eliciting type I
IFN response.39 However, additional studies are needed to dissect
the contribution of incoming and amplifying mRNA to innate acti-
vation and possible vaccine reactogenicity. Inflammatory responses,
indicating the establishment of an innate immune response, were
also observed with transient and reversible effects on hematology
and chemistry parameters and by the activated appearance of the
draining lymph nodes, at both the microscopic and macroscopic
levels. Overall, these changes were similar to those seen after the
administration of a cationic nanoemulsion (CNE) formulated
SAM vaccine as well as of conventional vaccines, including
adjuvanted recombinant proteins and virus-like particles-based
vaccines.40–42

In the biodistribution study in rats, the vaccine-delivered RNA was
found in themuscle at the injection site until 60 days post vaccination.
RNA was also found in the draining lymph nodes at day 2, suggesting
that it quickly traffics to the host’s lymphoid organs. It remains un-
clear, however, whether the RNA distributed to the lymph nodes or
whether it entered immune cells that subsequently trafficked to the
lymph nodes. Similar to the previous report on a CNE-formulated
SAM vaccine,40 SAM RNA was detected also at systemic sites,
including spleen, blood, lung, and liver. Although expression from
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an LNP-delivered self-amplifying mRNA has been reported in the
draining lymph nodes of mice after intradermal administration,43 it
remains to be determined whether the signal found in the various
organs for a prolonged period of time in our study is from injected
material or amplified material (i.e., generation of multiple RNA
copies through self-amplification in target cells), and whether it rep-
resents full-length RNA or truncated pieces of RNA resulting from
degradation.

Our study describes the full preclinical development of a SARS-CoV-
2 SAM (LNP) vaccine and supports its current evaluation in a first-in-
human phase 1 clinical trial (NCT04758962). Other vaccine candi-
dates based on synthetically delivered self-amplifying mRNA are in
earlier stages of clinical testing. Preliminary data from a phase I clin-
ical trial (ISRCTN Register: ISRCTN17072692) show tolerability up
to 10 mg RNA dose of an LNP-formulated self-amplifying mRNA-
based SARS-CoV-2 vaccine, although immunogenicity based on
spike-specific antibodies was inferior (65% seroconversion) to the
currently approved COVID-19 mRNA vaccines, despite promising
responses previously observed with the same candidate in mice.33,44

The reasons for the low humoral responses in humans have not
been identified, and it will be critical to generate clinical data from
other SAM-based vaccines to fully understand the potential of this
technology. Each SAM vaccine candidate could have different perfor-
mance in humans, for example, due to difference in RNA sequences
and manufacturing processes, levels of purity, enrichment in full-
length SAM molecules, and delivery systems.

The results from the ongoing GSK clinical trial will inform if the cur-
rent SAM vaccine is sufficiently tolerated and immunogenic, or if
further optimization, including RNA engineering, new delivery sys-
tems, and modulation of innate and adaptive immune responses,
among others, will be needed, contributing to define the true pros-
pects of the technology.

MATERIALS AND METHODS
Study design

The primary objective of these studies was to determine and charac-
terize the immunogenicity, protective efficacy, safety, and bio-
distribution of a SARS-CoV-2 SAM (LNP) vaccine candidate in pre-
clinical models (mice, hamsters, and rats). Group sizes were based on
previous experiments using a similar SAM platform. Endpoints were
selected before the start of each study based on primary and second-
ary objectives of each study. Replication of experiments, number of
biological and technical replicates, and randomization varied among
experiments as described subsequently and in figure legends. Ethical
and non-clinical guidelines are described in the supplemental
information.

SARS-CoV-2 SAM vaccine preparation

The antigen sequences of SARS-CoV-2 full-length spike were based
on the Wuhan-Hu-1 strain of SARS-CoV-2 virus (GenBank:
MN908947), a codon optimized for expression in mammalian cells
(spikeFL), and mutagenized with prefusion-stabilizing proline substi-
tutions (antigen amino acid residues 986 and 987) together with a
“GSAS” substitution at the furin cleavage site (antigen residues
682–685)16 (spikeFL-2P). The spike antigens were cloned in DNA
plasmids encoding the SAM backbone using standard molecular
techniques. In vitro RNA transcription, purification, and LNP formu-
lation were performed as described previously6,45,46 and in the
supplemental information. In vitro characterization of the SARS-
CoV-2 SAM (LNP) vaccine is described in the supplemental
information.

Mouse immunogenicity studies

The mouse studies were carried out at GSK (Upper Providence, PA).
Female BALB/c mice 7–8 weeks of age (Charles River, Raleigh, NC)
(n = 10 mice/group; randomly distributed between groups) received
2 i.m. injections 3 weeks apart in the hind leg thigh muscle with the
SARS-CoV-2 SAM (LNP) vaccine at three dose levels of 1.5 mg,
0.15 mg, or 0.015 mg RNA or saline (mock). Serum samples were
collected 21 days after the first immunization (3wp1) and 14 days
after the second immunization (2wp2) to assess IgG binding and
neutralizing antibody titers, as described in the supplemental infor-
mation. Spleens and draining inguinal lymph nodes were collected
2wp2 to characterize spike-specific B cell and CD4+ and CD8+

T cell responses, as described in the supplemental information.
Details of the mice study design are provided in Figure S2A.

Hamster immunogenicity and challenge study

The hamster study was carried out at Colorado State University (Fort
Collins, CO). Male and female Golden Syrian hamsters (Mesocricetus
auratus) approximately 8 weeks of age (Envigo, Indianapolis, IN)
(n = 27 animals/group, 15 females and 12 males) received 2 i.m. injec-
tions, 3 weeks apart in the hind leg thigh muscle with the SARS-CoV-2
SAM (LNP) vaccine at a dose of 3mg or 0.03mg orwith saline (mock). A
non-treated group of hamsters (n = 8, four females and four males) was
also included in the study to provide a baseline for the histopathologic
analysis. Serum samples were collected 21 days after the first immuni-
zation (3wp1) and 21 days after the second immunization (3wp2) to
assess neutralizing antibody titers. Three weeks after the second immu-
nization, hamsters were anesthetized (ketamine-xylazine) and chal-
lenged under BSL3 containment by intranasal instillation of 104 PFU
of the USA-WA1/2020 isolate of SARS-CoV-2 virus (product NR-
52281, BEI resources) propagated in Vero C1008 cells (Vero E6) as
previously described.47

Animals were monitored for body weights and temperatures (thermal
microchips) once daily starting at one day prior to viral challenge and
continuing until the day of scheduled euthanasia. Oropharyngeal
swabbing for viral load assessment in the upper respiratory tract
was performed on days 1, 2, 3, and 7 post challenge. Samples were
collected in viral transport medium, frozen at �80�C, and assayed
for virus by plaque assay on Vero cells.

Scheduled euthanasia of eight hamsters per group (four males and
four females) was performed on days 3 (acute), 7 (subacute), and
21 (resolving) post challenge. At day 3, nasal turbinates and two lobes
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of lung (cranial and caudal lobes of the right lung) were harvested for
virus titration by plaque assay on Vero cells. At days 3, 7, and 21, a
selected panel of tissues was harvested for macroscopic observation
and histopathology. Details of the hamster study design are provided
in Figure S5A, while methods for plaque assay, cytokine profiling, and
histopathology are described in the supplemental information.

Repeated-dose toxicity and biodistribution studies in Sprague-

Dawley rats

Animals and descriptions of the study

Male and female Sprague-Dawley rats (Rattus norvegicus) were ob-
tained from Charles River Laboratories (Laval, QC, Canada) and
were acclimated for at least 12 days to be 10 weeks old at the initiation
of dosing (day 1). The male rats weighed 310–388 g and the female
rats weighed 205–271 g on day 1. The repeated-dose toxicity and bio-
distribution studies were carried out at the Charles River Laboratories
(Laval, QC, Canada). Description of welfare principles and non-clin-
ical guidelines48,49 are described in the supplemental information.

Repeated-dose toxicity study

The dosing schedule (3 doses) was intended to cover the number of
injections planned in human clinical trial subjects +1 additional
dose (i.e., n + 1 dosing). During the acclimation period, 15 male
and 15 female rats were allocated to two groups by a randomizing
stratification system based on body weights. On days 1, 15, and 29,
the animals received one i.m. injection of the SARS-CoV-2 SAM
(LNP) vaccine (100 mL, corresponding to 12 mg RNA) into the poste-
rior part of the thigh muscle. Animals in the control group received
saline in the same conditions as in the treated groups. The study
design is depicted in Figure S7A. Detailed methods for clinical exam-
inations, serology, hematology, coagulation, and blood biochemistry
investigations as well as for necropsy, tissue processing, and
histopathological examination are provided in the supplemental
information.

Biodistribution study

To evaluate the biodistribution of the SARS-CoV-2 SAM (LNP)
vaccine, one i.m. injection (100 mL, corresponding to 6 mg RNA)
was performed into the posterior part of the thigh muscle of the right
hindlimb of male and female Sprague-Dawley rats. The bio-
distribution was evaluated in tissues by qRT-PCR on extracted
RNA, targeting the non-structural region of the SAM construct,
over a 59-day observation period (Figure S7B). Rats in the treatment
group were randomly allocated into five subgroups (one group/time
point) of 10 animals (five animals/sex/group). Treated animals were
necropsied at days 2, 8, 15, 29, and 60. In the control group, five males
and five females received an injection of saline, and one animal/sex
was sacrificed at the same time points as in the treated groups.

At their respective scheduled termination (days 2, 8, 15, 29, and 60),
animals were anesthetized with isoflurane and blood and tissues
(brain, lung liver, spleen, kidneys, heart, gonads, lymph nodes [popli-
teal, inguinal, and iliac] and muscle at the injection site) were
collected, preserved, and RNA was extracted and analyzed by qRT-
14 Molecular Therapy Vol. 30 No 5 May 2022
PCR as previously described.40 Detailed methods are described in
the supplemental information.

Statistical analyses

Mixed model repeated measurements with group, day, and interac-
tion between group and day as fixed effects with appropriate variance
and co-variance structure were fitted on log10 transformed for spike-
specific IgG binding antibody titers, pVNT50 and VNT50 for the
mouse data, and for pVNT50 and oropharyngeal swab viral titers
for each sex for the hamster data. An analysis of variance (ANOVA)
was fitted on log10 transformed data with group as fixed factors with
appropriate variance assumption for pVNT50 and VNT50, antigen-
specific B cell and T cell responses in mice, and for nasal and lung tis-
sue virus titer (nasal turbinates, cranial lung, caudal lung for each sex)
in hamsters. For hamsters’ body weight and body temperature, an
ANOVA was performed with group as fixed factors on separated
day for each sex. All data shown were derived from one experiment,
except for B cells data where data from two individual experiments
were combined. For the comparison of mean body weight, organ
weights and relative organ weights, mean body temperature, food
consumption, hematology, coagulation, clinical chemistry mean
values or Draize-based scoring parameters in the rat study, statistical
methods, and criteria were used following those described in Stokes
et al.40

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.01.001.
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